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Abstract
The Time Domain Passivity Approach (TDPA), a method to inject adaptive damping to satisfy the passivity condition in real-
time, has emerged as a powerful tool to stabilize coupled network systems with/without communication delay, such as haptic and
teleoperation systems, due to its simplicity and effectiveness. However, we found that the conventional TDPA has unnecessary
conservatism especially in delayed coupled network systems due to direction dependent energy calculation and dissipation. In this
paper, we propose a new time domain passivity approach with reduced conservatism by considering the energy reflection from an
energy storage element in the network. The method is generally formulated with a delayed 2-port network system including an
energy storage element and implemented to a teleoperation system. The proposed method is experimentally tested and a compar-
ison with the conventional TDPA reveals improved kinesthetic coupling and transparency in terms of position tracking and force
reflection.
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1. Introduction
In recent years, there has been an increasing interest in time-
domain controllers that guarantee passivity online. In those
methods, the system’s energy is monitored in real-time and the
controller gain is adaptively tuned in order to satisfy the passiv-
ity condition in the time-domain. The Time Domain Passivity
Approach (TDPA) has triggered this area of research. The au-
thors of [1] proposed the TDPA for haptic and coupled network
systems. In [2], a time-domain-based method for passivity pre-
serving discretization for haptic interaction was proposed. Also
focusing the interaction with virtual realities, the inertia matrix
of a multi-degree-of-freedom haptic device served the weight-
ing of a generalized variable passivity controller damping in
[3]. In [4], the TDPA method was extended for teleoperation
setups without delay. The TDPA for passivity control of the de-
lay in a 2-Channel teleoperation system was introduced in [5].
The authors of [6, 7, 8] extended the TDPA for the application
in more complex teleoperation architectures. In [9], the con-
ventional TDPA has been applied to an industrial, multilateral,
multi-DoF teleoperation scenario.
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Especially this type of online passivity guaranteeing con-
troller has shown great advantages in stabilizing delayed cou-
pled network systems. Due to many unknown system parame-
ters and the wide range of parameter variation in coupled net-
work systems, their stabilization has been known to be quite
complicated. A variety of control concepts as the wave vari-
ables method [10, 11, 12] were developed for delayed coupled
network systems. The authors of [13] proposed a passive set-
point controller for time-delayed teleoperation systems. An
energy tank based two-layer approach was introduced in [14].
Among them, TDPA has been getting more attention, and rec-
ognized as one of the best performing control approaches com-
pared to other types of controllers [15].
However, the TDPA has still been suffering from limited
control performance due to its controller design conservatism.
To satisfy the passivity condition in real-time, it often over-
sacrifices the performance of the controller which can result
in large position synchronization error and feedback force at-
tenuation [16]. Recently, researchers have proposed a modified
method to reduce the design conservatism of the TDPA, in par-
ticular for improved position synchronization in delayed cou-
pled network systems such as teleoperation systems [17, 18].
However, we recently found that there is still large room
to improve the performance of the TDPA especially for net-
work systems with delayed position coupling. The conventional
TDPA passivates the network considering a direction depen-
dent energy flow observation and control due to the limitation
of the considered passivity proof [16]. However, we found that
this causes unnecessary conservatism in the controller design
because it didn’t allow us to differentiate the reflected energy
from the pure transmitted energy in the 2-port network.
In this paper, we propose a new method reducing the design
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conservatism of TDPA for coupled delayed network systems
by avoiding the direction dependent energy monitoring. There-
fore, a control loop inherent energy storage element is consid-
ered in the passivity controlled 2-port network. An ideal in-
tended amount of energy in this energy storage element is de-
termined and the overall passivity is guaranteed by limiting the
energy output of the 2-port to the ideal energy content of the en-
ergy storage element in a direction independent manner. As the
result, the required amount of energy dissipation for preserv-
ing overall passivity is minimized by allowing energy reflection
from the energy storage element. It is important to note that,
in contrast to [14] and [19], we consider potential energy but
no dissipated energy in the energy storage element to achieve a
physically reasonable interpretation of energy reflection.
This paper is structured as follows: Section 2 presents the
fundamentals of Time Domain Passivity Control. Section 3 de-
scribes two state of the art approaches in TDPA of delayed 2-
ports and the drawbacks resulting from the direction dependent
energy monitoring. The proposed control concept for delayed
coupled network systems and the respective stability proof are
presented in Section 4. The advantages of the approach are dis-
cussed in a teleoperation setup employing experiments in Sec-
tion 5. A performance comparison with a state of the art ap-
proach is presented in Section 6. Finally, Section 7 provides
the conclusion.
2. Background
This section reviews the two conventional Time Domain
Passivity Approaches for delayed coupled network systems
and shows the sources of possible conservatism of these ap-
proaches, resulting especially from the direction dependent en-
ergy observation.
To guarantee the stability of a system with states x, the TDPA
considers the passivity criterion:
V (x(t))−V (x(0))≤
t∫
0
s(u(τ),y(τ))dτ =
t∫
0
yT (τ)u(τ)dτ.
(1)
As long as the energy increase (V (x(t))−V (x(0))) in the sys-
tem since t = 0 is not higher than the integral of the power (sup-
ply rate s, input u and output y) that has entered the system,
the system hasn’t generated energy itself. In other words, the
system is passive and thus absolute stability can be guaranteed
[20].
The passivity criterion is highly modular in that the passiv-
ity of a system is guaranteed if it consists of passive subsys-
tems. The subsystems of a system can be designed with the
help of the network representation. A network representation
with clear causality and with a clear definition of the energy
flow direction is essential for passivity-based control methods
as the TDPA. Especially in case of delayed coupled network
systems, like time-delayed teleoperation systems, the design of
a proper network representation was not a trivial problem [6, 8].
Figure 1 and Fig. 2 show a 1-port and 2-port network, respec-
tively. At each port, a power conjugate pair of effort variable
(force) and flow variable (velocity) can be defined and mea-
sured. By integrating this power conjugate pair over time, the
total energy can be calculated. Also, considering the sign of the
conjugate pair, the energy flow direction can be determined.
A network representation of a delayed coupled network sys-
tem is depicted in Fig. 3. The electrical models of human op-
erator h, master device m, controller c, slave s and environment
e consist of mass M (inductance), stiffness K (capacitor) and
damping B (resistor) elements. The TDPA that can handle vari-
able delay, jitter as well as package loss [5, 21], assures the
passivity of the communication channel (CC) through so-called
passivity controllers (PC). The PCs terminate the passivity con-
trolled delayed 2-port of the CC (port 2 and port 3).
Note that in a delay-free system, the passivity criterion is not
a conservative method since generally an intrinsically passive
position controller is applied. The terminations of the network,
AgentΛ1 and AgentΛ2 have to be designed in a passive manner.
In case of teleoperation systems, AgentΛ1 represents the human
operator and the master device and AgentΛ2 the slave in its
environment. These terminations are obviously not passive but
there is a widely accepted assumption that human operator and
environment behave passive in their interaction such that the
energy introduced by one is dissipated by the respective other.
This assumption can be strengthened by the observation that,
in real interactions, a human is used to use passive devices in
active environments.
The direction of power flow (left to right L2R, right to left
R2L) at a network subsystem port i can be distinguished by the
sign of the power in time step k:
PL2Ri (k) =
{
0, if Pi(k)< 0
Pi(k), if Pi(k)> 0
(2)
PR2Li (k) =
{
0, if Pi(k)> 0
−Pi(k), if Pi(k)< 0 (3)
with the power Pi
Pi(k) = vi(k)Fi(k) (4)
calculated from the force Fi and the velocity vi at port i. By inte-
gration over time, the respective energies EL2Ri (k) and E
R2L
i (k)
can be calculated:
EL2Ri (k) = Ts
k
∑
j=0
PL2Ri ( j), (5)
ER2Li (k) = Ts
k
∑
j=0
PR2Li ( j), (6)
with the sampling time Ts. The passivity criterion of a 2-port as
depicted in Fig. 2 is
E0+EL2R1 (k)+E
R2L
2 (k)≥ ER2L1 (k)+EL2R2 (k) (7)
with the initial energy content E0 of the 2-port network.
In the following, the TDPA control principles will be ex-
plained considering a basic teleoperation scheme.
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Figure 4 presents a position-computed force (PFcomp) archi-
tecture in which a desired velocity (and position) and the com-
puted controller force are exchanged through the communica-
tion channels which are affected by communication delay T1 in
L2R and T2 in R2L direction. The PI coupling controller (Ctrl)
which penalizes the velocity and position deviation of the two
agents is located on the right side of the CC. In this case, the po-
tential energy storage in the network results from the controller
spring that aims the position synchronization of the coupled de-
vices.
Figure 5 presents the signal flow diagram of the TDPA [17]
in a simple PFcomp architecture. Through passivity observers
(PO) on the left (L) and right (R) side of the CC, the energy
behavior of the communication channel can be analyzed. The
energy difference across a 2-port in one direction of energy flow
can be observed and the energy W PC1(k) and W PC2(k) that has
to be dissipated in time step k can be determined.
Passivity controller PC1 applies a variable damping to vary
the force F2 sent to the master device. At port 3, a velocity is
sent in L2R direction from Agent Λ1 to the controller. There-
fore, an admittance type PC2 is applied at port 3 in Approach 1
that injects a variable damping to vary this velocity signal. The
depicted approach will be later referred to as Approach 1. Cur-
rent implementations of time domain passivity control [7, 8, 22]
consider such a combination of impedance and admittance type
controllers.
An admittance type PC dissipates the energy W PC2(k) by a
variation of the velocity v3:
v4(k) = v3(k)−β (k)F3(k) with (8)
β (k) =
{ −W PC2(k)
TSF3(k)2
if W PC2(k)< 0
0 if W PC2(k)≥ 0.
(9)
An impedance type PC dissipates energy by a variation of the
force F2:
F1(k) = F2(k)+α(k)v2(k) with (10)
α(k) =
{ −W PC1(k)
TSv2(k)2
if W PC2(k)< 0
0 if W PC2(k)≥ 0.
(11)
Without loss of generality, we can say that there is always at
least one energy storage element in a coupled network system.
The energy storage elements can be position coupling or force
controllers and can be located on the left and/or the right side of
the communication channel. Here, we focus on systems with a
position coupling control element on the right side of the CC as
it is applied in teleoperation systems with PFcomp architecture.
The adequacy of the proposed approach to other setups has to
be further investigated in future. Still, the PFcomp architecture
can be applied in several delayed coupled networks with arbi-
trary agents that can be designed as passive subsystems. Note
that in non-teleoperation systems, a desired motion trajectory
with open-loop control may cause an energy input to the cou-
pled network. But, this energy input can be considered in the
supply rate s, that does not violate the passivity condition (1).
Therefore, the presented approach can be applied to a large va-
riety of applications.
3. Problem Definition
Figure 6 and Fig. 7 visualize how the conventional TDPA
passivates delayed coupled network systems for two different
ways of energy storage element consideration in the network.
The Approach 1, presented in Fig. 6, excludes the energy stor-
age element from the passivity analysis based on the assump-
tion that the energy storage element does not break the passivity
condition due to its intrinsic passivity. However, it prevents the
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Figure 6: Energy Observation and Passivity Control of Approach 1 [17]
consideration of the extra energy dissipation ability of the en-
ergy storage element and applies an admittance type PC which
can lead to position drift. In contrast, the other conventional
Approach 2 (see Fig. 7) includes the energy storage element in
the passivity analysis and avoids admittance type PCs. For both
cases, the TDPA is applied to dissipate an excessive amount of
energy that is generated by the delayed 2-port, which poten-
tially leads to instability.
3.1. Functional Principle of Conventional Approach 1
In [17] (Approach 1, Fig. 6), two PCs terminate the delayed
two port (port A, B) which contains the communication chan-
nel (CC). The energy flow in the system is presented by thick
arrows that are marked with light gray (right to left: R2L) and
dark gray color (left to right: L2R). The clock indicates de-
layed communication. In each direction of energy flow, an en-
ergy monitoring unit (battery-like shape) is charged from the
input power into the delayed 2-port (thin dark gray line at port
A in L2R direction and thin light gray line at port B in R2L
direction). The energy monitoring unit contains the available
amount of energy that is allowed to leave at the respective out-
put side of the delayed 2-port. On the output side, two passivity
controllers (thin dark gray line at port B in L2R direction and
thin light gray line at port A in R2L direction) assure via en-
ergy dissipation that not more energy than the available amount
of energy in the respective monitoring unit leaves the 2-port in
the respective direction. However, one interesting behavior of
the energy storage element is that a part of the energy is trans-
mitted through the storage element to the respective other side
whereas the rest of the energy is reflected back as it is shown by
the split arrows inside the storage element. Therefore, the R2L
energy flow at port B contains the reflected part of the energy
from the L2R energy flow at port B. The energy reflection and
transmission will be analyzed in more detail in Section 3.3.
The network representation of a PFcomp architecture with de-
lay (compare signal flow diagram of Fig. 4) for Approach 1
is presented in Fig. 3. Here, the position controller (Ctrl) rep-
resents the energy storage element. Considering Fig. 3 and
assuming a zero initial energy E0 = 0, the passivity condition
(7) is fulfilled, if
EL2R1 (k)+E
R2L
4 (k)≥ ER2L1 (k)+EL2R4 (k). (12)
Figure 7: Energy Observation and Passivity Control of Approach 2 [5, 24]
Due to the delay, this condition has to be split into two parts
ER2L1 (k)≤ ER2L4 (k−T2) (13)
and
EL2R4 (k)≤ EL2R1 (k−T1). (14)
Since the energies are monotonously increasing, conditions
(13) and (14) fulfill condition (12). The passivity controller
PC1 and PC2 of Approach 1 assure that condition (13) and (14)
respectively are met. The energy that has to be dissipated can
be calculated with
W PC1(k) = ER2L4 (k−T2)−ER2L1 (k)−W PC1diss (k−1), (15)
W PC2(k) = EL2R1 (k−T1)−EL2R4 (k)−W PC2diss (k−1), (16)
where W PCidiss (i ∈ {1,2}) is the energy that has already been dis-
sipated by the passivity controllers:
W PCidiss (k−1) =W PCidiss (k−2)+W PCi(k−1). (17)
3.2. Functional Principle of Conventional Approach 2
In contrast, in [5], [23], [24] and [25] (Approach 2, Fig. 7),
the energy storage element is considered together with the CC
in the passivity control. Thus, the two PCs are located on the
left side of the CC (port A) and the right of the storage element
(port C). Instead of the right side input into the CC (port B), the
power input to the storage element on the right side (port C) is
charged as the available amount of energy into the energy mon-
itoring unit (battery-like shape) in R2L direction. Analogous
to Approach 1, two PCs assure via energy dissipation that not
more energy than available in the energy monitoring unit leaves
the 2-port in the respective direction. Again, the energy dissi-
pation of the PCs can be over-conservative because the energy
observation is direction dependent and doesn’t discriminate the
directly reflected energy in the storage element.
Figure 8 depicts the network representation of Approach 2.
The PCs terminate the passivity controlled delayed 2-port in-
cluding CC and the storage element (port 2 and port 4). These
passivity controllers apply a variable damping to vary the forces
sent in the respective directions (impedance type PC).
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Analogous to Approach 1, the passivity controllers of Ap-
proach 2 assure that the conditions
ER2L1 (k)≤ ER2L5 (k−T2) (18)
and
EL2R5 (k)≤ EL2R1 (k−T1) (19)
are fulfilled which meets the passivity condition of the 2-port
between port A and C with zero initial energy E0 = 0 despite
delay:
EL2R1 (k)+E
R2L
5 (k)≥ ER2L1 (k)+EL2R5 (k). (20)
The observed energies that need to be dissipated by the PCs are
W PC1(k) = ER2L5 (k−T2)−ER2L1 (k)−W PC1diss (k−1), (21)
W PC2(k) = EL2R1 (k−T1)−EL2R5 (k)−W PC2diss (k−1). (22)
Equation (17) also holds for Approach 2.
3.3. Analysis of Drawbacks of the Conventional Approaches 1
and 2
As mentioned before, both methods are conservative since
the reflection of energy by the energy storage element is not
considered. In the following, these limitations are further ana-
lyzed in a teleoperation example.
A free motion and wall contact in this system and the respec-
tive observed energies are presented in Fig. 9. The delay was
set to zero in this experiment. The potential energy of the con-
troller as the energy storage element can be charged up from
both sides (master = Agent Λ1 and slave = Agent Λ2). In this
bilateral experiment with PFcomp architecture, the master con-
trols the slave in free motion until the slave touches a rigid wall
(Ke ≈∞, Be ≈ 0) at about t = 3.4s. During free motion (Ke = 0,
Be ≈ 0), the master injects the energy EL2RB into the controller
(storage element) at port B in L2R direction which leaves this
storage element mainly as EL2RC such that the slave is moved.
Therefore, the energy storage of the controller ESt is almost
empty during free motion (t = [0s,3.4s]).
When the slave touches the wall (t = [3.4s,5s]), no energy
can flow on the side of the slave since its velocity is zero (con-
stant EL2RC and E
R2L
C ). With the wall penetration of the master,
the energy storage ESt is filled up by energy EL2RB . When the
master moves out of the contact, the energy of the storage is
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released as ER2LB in R2L direction to press the master out of the
wall (energy reflection).
Mainly during wall contacts, or in general when the motion
of one robot is hindered e.g. by obstacles, workspace limita-
tions or high damping, energy might be reflected by the network
element storing potential energy. Respecting the energetic be-
havior of the storage element, the state of the art approaches
have the following conservatism:
• In Approach 1, the passivity controller at port B dissipates
energy in L2R direction (that would otherwise charge up
the energy storage element) although this energy might be
reflected back in R2L direction (if the PC would be deac-
tivated). This may lead to over-conservative energy dis-
sipation. Also, for example the force or position that is
sent to the storage element from Agent Λ1 is varied by
the PC at port B. Thus, the charging of the energy storage
element is lower than intended by Agent Λ1 which can
change the coupling behavior drastically, as among others
position drift can appear. The effect of the port B PC on
the conservatism of Approach 1 will be further analyzed
in the experiments of Section 5 and the experimental com-
parison in Section 6.
• The energy plots StER2L and StEL2R in Fig. 9 serve the
analysis of the conservatism of Approach 2. The charg-
ing of the spring by EL2RB is considered as an energy dissi-
pation StEL2R by the energy storage element in Approach
2 since no power leaves the energy storage element dur-
ing the wall contact at port C (EL2RC ). In contrast, the re-
lease of energy StER2L to the master in R2L direction is
observed as an energy generation since no power enters at
port C (ER2LC ) during the wall contact. This energy which
is wrongly interpreted as generated energy StER2L is dissi-
pated by the PCs since the dissipation StEL2R happens in
the other direction of energy flow and therefore does not
compensate for the energy generation. Thus, the power
flow direction dependent analysis of Approach 2 results in
high dissipation and high conservatism. Also, the perfor-
mance of Approach 2 is analyzed in detail in the experi-
ments of Section 5.
4. Proposed Method Considering Energy Reflection
Considering the drawbacks of the conventional TDPA meth-
ods as explained in Section 3, this section proposes a less con-
servative method by considering the energy reflection at the po-
tential energy storage element.
Figure 10 visualizes the basic idea of the proposed method
applied to a delayed coupled network system. The main moti-
vation of this proposed method is that we can guarantee over-
all passivity without being restricted by the direction of energy
flow. Therefore, we bound the output energy of the 2-port by
the ideal intended amount of input energy to the energy storage
element from the coupled passive system around it (termina-
tions of the 2-port). Similar to Approach 2 in Section 3, two
PCs are located at port A and port C in order to consider the
Figure 10: Proposed Energy Observation and Passivity Control Considering
Energy Reflection (Approach 3)
energy storage element together with the CC in the delayed 2-
port. Thus, the network representation of Approach 3 equals the
one of Approach 2 presented in Fig. 8. However, in contrast to
Approach 1 and 2, one unique available amount of energy is
collected in the energy monitoring unit (battery-like shape) col-
lecting the energy input from both sides of the delayed 2-port.
Since this monitoring unit has a physical relation to the energy
storage element, the monitoring unit is located on the right side
of the communication channel. Thus, the asymmetric setup of
the physical system is represented in the proposed approach.
Locating the monitoring unit on the left side of the CC does
not guarantee a stable system behavior due to the loss of this
physical relation and the evaluation of this relocation remains
for future work. The energy monitoring unit is charged up by
the dark gray (port A) and light gray arrow (port C) represent-
ing the power input in L2R and R2L direction, respectively. The
energy observation at port C in this asymmetric structure guar-
antees the consideration of energy generation by the CC. This
is described in more detail in Section 4.2. The dashed arrows
indicate where the passivity controllers dissipate the excessive
amount of energy considering the available energy in the moni-
toring unit. As explained later in more detail, the distribution of
the dissipation to PC1 and PC2 depends on the current distribu-
tion of output power of the energy storage element to port B and
port C. Unlike the conventional TDPA, the unified energy mon-
itoring unit allows a direction independent energy distribution
respecting energy reflection.
In the following, the advantages of the proposed design and
the concept of the ideal energy storage in the monitoring unit
are presented in Section 4.1 and Section 4.2 respectively. The
detailed implementation is described in Section 4.3.
4.1. Advantages Over the Conventional TDPA
In contrast to Approach 1, the energy in Approach 3 can pass
at port B to the energy storage element (L2R) without being af-
fected by a PC. Thus, the energy storage element that serves
the desired coupling behavior is charged up as intended by the
connected agents. This becomes clear when analyzing the an-
alytical energy equation of the storage element: Exemplary, in
the coupling through a position controller, the energy storage
element equals a spring potential. This potential Epot can be
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calculated from the stiffness K: Epot(t) = 0.5K(x∗L(t)−xR(t))2,
with input x∗L from Agent Λ1 and xR from Agent Λ2. In Ap-
proach 1, the input x∗L is delayed and varied by the PC at port B
whereas in the proposed Approach 3, x∗L is only delayed. There-
fore, in contrast to Approach 1, the energy storage element is
charged up as intended by Agent Λ1 in Approach 3.
Similar to Approach 2, the energy that is generated by the
CC in L2R direction and that crosses the storage element can
be limited on the right side of the storage element (port C). In
contrast, energy that crosses the CC in L2R direction and that
is reflected by the storage element back in R2L direction is, in
Approach 3, only affected by passivity control when it leaves
the delayed 2-port on the left side. In Approach 1, this reflected
energy is passivity controlled on the way to the energy storage
(L2R) and on the way back (R2L), which might lead to higher
conservatism. The proposed concept has huge advantages con-
cerning conservatism over Approach 2, where no reflection is
considered since the energy behavior of the storage element is
interpreted as a direction dependent combination of energy gen-
eration and dissipation.
4.2. Ideal and Real Energy Storage
Note that the resulting energy content of the energy monitor-
ing unit in Approach 3 (ideal storage) is not equal to the real
energy content of the energy storage element, since that is af-
fected by energy generation in the CC. Figure 11 explains the
Figure 11: Comparison of Real and Ideal Potential Energy Storages
difference between the ideal and real energy content in more de-
tail. Since the active element CC adds energy in L2R direction,
the real storage (energy content of the energy storage element)
which is filled up with the energies at Port 3 and Port 4 is equal
to or higher than the ideal storage (energy content of the energy
monitoring unit). The energy monitoring unit collects the en-
ergy that is introduced from the agents into the 2-port between
port 1 and 5 such that the ideal energy content can be regarded
as the desired energy content of the controller (energy storage
element). As depicted in Fig. 11, the ideal storage is built up by
the power entering in L2R direction at port 2 (PL2R2 ) and in R2L
direction at port 4 (PR2L4 ). As much energy as the ideal storage
(energy monitoring unit) contains may leave at port 2 in R2L
and at port 4 in L2R direction. Therefore, the allowed power
output PL2R,des and PR2L,des is calculated for the two directions
with a logic that is described in Section 4.3. The limitation of
the output power is assured by the passivity controllers PC1 and
PC2. PC2 limits the actual power output to PL2R,des. The power
PR2L,des is sent to the left side of the CC where PR2L,des may exit
at port 2 to Agent Λ1. Therefore, PC1 has to consider the de-
layed desired power output PR2L,des(k−T2) to limit PR2L2 (k).
4.3. Implementation
In contrast to the approaches with direction dependent dissi-
pation Approach 1 and Approach 2, the passivity control is split
up in two parts. In the first step, a limited, desired power out-
put PL2R,des(k) and PR2L,des(k) of the energy storage element is
determined and in the second step, the delay in R2L direction
is considered. Analogous to Approach 2, the 2-port passivity
condition of Approach 3 is
EL2R1 (k)+E
R2L
5 (k)≥ ER2L1 (k)+EL2R5 (k). (23)
The basic idea of the proposed concept is the consideration of
the ideal energy storage ESt(k) in the energy monitoring unit
which is built up by the energies EL2R2 (k) and E
R2L
4 (k). As de-
scribed in Section 4.2, the available amount of energy that has
to be accounted in the energy monitoring unit ESt can be deter-
mined by
ESt(k) = ESt(k−1)+PL2R2 (k−T1)Ts+PR2L4 (k)Ts. (24)
It is important to note that the power PL2R3 (k) measured at port 3
is not considered as an input, since it is affected by delay. But,
since the energies are monotonously increasing and with the 2-
port passivity condition (7), it is clear that the delayed input
energy from port 2 can be applied instead.
The passivity control is split into two parts: At first, the ex-
cessive amount of energy that leaves the energy storage element
due to the energy generation of the CC in L2R direction, has to
be determined. Later, the allowed output power PL2R,des(k) and
PR2L,des(k) that may leave the energy storage element has to be
calculated.
1. The power that actually leaves the energy storage element
at port 3 and 4 may lead to instability since additional en-
ergy may be injected into the storage element by the CC
in L2R direction. The actual output power Pactout (k) of the
energy storage element in both directions of energy flow
is:
Pactout (k) = P
R2L
3 (k)+P
L2R
4 (k). (25)
If this power is smaller than or equal to the energy content
of the energy monitoring unit (Pactout (k)Ts ≤ ESt(k)), this
power may leave at the respective ports since it would not
violate the passivity condition. Only if more power than
available is exiting at port 3 or 4, the power output of the
energy storage element has to be limited. The excessive
power output Pexc(k) in both directions can be calculated
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as
PR2Lexc (k) =
{
Pexc(k)
PR2L3 (k)
Pactout (k)
, if ESt(k)< Pactout (k)Ts
0, if ESt(k)> Pactout (k)Ts
,
(26)
PL2Rexc (k) =
{
Pexc(k)
PL2R4 (k)
Pactout (k)
, if ESt(k)< Pactout (k)Ts
0, if ESt(k)> Pactout (k)Ts
,
(27)
with the power Pexc(k) that has to be dissipated in the cur-
rent time step:
Pexc(k) = ESt(k)/Ts−Pactout (k). (28)
Here (equations (26) and (27)), the dissipation of excessive
energy is distributed to L2R and R2L direction proportion-
ately to the real power output PR2L3 (k) and P
L2R
4 (k) in the
respective direction. Although other distributions are con-
ceivable, the chosen distribution seems most reasonable
since it is related to the current output power.
2. The excessive power PL2Rexc (k) can be directly subtracted
from the power PL2R4 (k) by the right hand side PC2:
PL2R,des(k) = PL2R4 (k)+P
L2R
exc (k), (29)
W PC2(k) =
k
∑
j=0
(PL2R,des( j)−PL2R4 ( j))Ts
−W PC2diss (k−1).
(30)
The energy W PC2(k) is then dissipated by PC2 according
to equation (11).
PC1 has to assure that not more power than PR2L,des(k)
with
PR2L,des(k) = PR2L3 (k)+P
R2L
exc (k) (31)
leaves at port 2 in R2L direction. Under consideration of
the energy generation of the time delay in the communi-
cation channel, the observed energy of PC1 can be calcu-
lated:
W PC1(k) =
k−T2
∑
j=0
PR2L,des( j)Ts−
k
∑
j=0
PR2L2 ( j)Ts
−W PC1diss (k−1).
(32)
This energy W PC1(k) is then dissipated by PC1 according
to equation (11).
Impedance type PCs lead to forces with high frequencies due
to sudden force changes. The authors of [16] proposed an ad-
ditional passive virtual mass-spring system to circumvent this
effect. The virtual mass-spring system acts as a low-pass filter
of force and velocity in both directions in a way that passivity
is maintained.
For the next time step, the available amount of energy in the
energy monitoring unit ESt(k) has to be updated, as the powers
PR2L3 (k) and P
L2R
4 (k) have exited at the respective ports of the
energy storage element:
ESt(k) = ESt(k−1)+(PL2R2 (k−T1)+PR2L4 (k)
−PR2L3 (k)−PL2R4 (k))Ts.
(33)
Note that PR2L3 (k) needs to be considered instead of P
R2L
2 (k−
T2) due to the delay.
4.4. Passivity Proof
Figure 12 presents the 4 steps (A-D) of the passivity control
approach that fulfill the passivity condition of the 2-port be-
tween port 1 and port 5. In step A of equation (24), the ideal
reference storage is calculated that considers the input energies
of the 2-port. The desired output powers are limited by the ideal
storage ESt or the energy inputs PL2R2 and P
R2L
4 respectively
k
∑
j=0
PR2L,des( j)Ts+
k
∑
j=0
PL2R,des( j)Ts ≤
k−T1
∑
j=0
PL2R2 ( j)Ts
+
k
∑
j=0
PR2L4 ( j)Ts
(34)
(compare equations (26)-(31)) in step B. Finally, in step C and
D, the passivity controllers PC1 and PC2 assure that
• ER2L1 (k)≤
k
∑
j=0
PR2L,des( j)Ts and
• EL2R5 (k)≤
k
∑
j=0
PL2R,des( j)Ts.
Overall, assuming zero initial energy, the 2-port passivity con-
dition (7) is fulfilled, since the outgoing energies are lower than
the ingoing energies:
ER2L1 +E
L2R
5 ≤ ER2L,des(k)+EL2R,des(k)≤ EL2R1 +ER2L5 .
(35)
Note that these energies are monotonously increasing.
Figure 12: Steps A to D of the Passivity Control
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Figure 13: 1-DoF Master-Slave-System
5. Application to Teleoperation
This section describes the application of the proposed Ap-
proach 3 to a teleoperation setup.
The following experiments serve the performance compari-
son of the three presented approaches. The experiments have
been performed with the 1-DoF Master-Slave-System devel-
oped by SENSODRIVE GmbH (see Fig. 13). The control soft-
ware ran on a real time system (QNX) at 1kHz sampling rate
and was developed in Matlab/Simulink.
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Figure 14: Exp1: Free Motion and Wall Contact with 200ms roundtrip delay in
Approach 1
The first experiment Exp1 presents a free motion scenario
without contacts at 200ms roundtrip-delay with Approach 1
(see Fig. 14). The port numbers are denoted according to Fig.
5. At t = [5s,7s], it is obvious that the position synchroniza-
tion is not perfect since Agent Λ2 does not reach the maximum
deflection of Agent Λ1. This behavior results, to some extent,
from the admittance type PC that causes a position drift. Note
that the authors of [17, 18, 26] proposed different methods to
compensate for the effect of position drift. Here, the concept of
[17] was implemented. Still, due to the high delay, the compen-
sation is limited.
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Figure 15: Exp2: Wall Contact with 30ms Roundtrip-Delay in Approach 2
The second experiment Exp2 in Fig. 15 shows a wall contact
at 30ms roundtrip-delay in a setup with Approach 2. It can be
analyzed at t = [7s,7.5s] that the feedback torque to Agent Λ1
is reduced gravely when Agent Λ1 moves out of the wall. This
results from the wrong interpretation of the energy reflection as
an energy generation in Approach 2 (discussed in Section 3). In
contrast to Approach 1, no position drift appears, since the PCs
don’t vary the input to the coupling controller in Approach 2.
The remaining experiments focus on the proposed concept
(Approach 3). The system was tuned at the verge of stability at
10ms roundtrip-delay (controller stiffness KC = 2 Nmrad , controller
damping BC = 0.01 Nmsrad ). The third experiment Exp3 (see Fig.
16) presents the performance of the system by applying Ap-
proach 3 at 30ms roundtrip-delay. The position following of
the two devices is satisfactory. The energy plot EPP
EPP(k) = EL2R1 (k)+E
R2L
5 (k)−ER2L1 (k)−EL2R5 (k) (36)
(analogous to equation (7)) serves as the passivity proof of the
PC controlled network between port 1 and port 5 (see Fig. 8).
The charging and releasing of the spring during the two wall
contacts (t = [9.3s,10.6s] and t = [12.7s,13.2s]) are clearly vis-
ible in the energy plot. Since EPP is never negative, the pas-
sivity during the operation is confirmed. There is only little
PC dissipation during free motion. When the master moves
the slave against the wall (t = [9.3s,10.1s]), the storage is built
up such that no power has to be dissipated since it is stored in
the energy storage element. When the master moves out of the
wall (t = [10.1s,10.7s]), power is flowing to the master such
that mainly PC1 dissipates energy that was generated by the
communication channel. Since the slave is steady during a con-
tact with a rigid wall, no power flows to the slave. Especially
when the master moves out of the wall, the dissipation is much
lower in Approach 3 compared to Approach 2 in Exp2. This
can be analyzed in the force feedback to the master which is
more gravely reduced in Approach 2 (t = [7.2s,7.5s]).
The fourth experiment Exp4 presents a free motion situa-
tion with slow (t = [1s,3.5s]) and fast motion (t = [3.5s,6.5s])
and a wall contact of the slave (t = [12.5s,15.5s]) at 400ms
roundtrip-delay (see Fig. 17). The position following is clearly
affected by the high delay. The energy plot EPP is always pos-
itive and thus confirms the passivity of the PC controlled net-
work. Mainly passivity controller PC1 is active during the wall
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Figure 16: Exp3: Wall Contact with 30ms Roundtrip-Delay in Approach 3
contact. Very little energy needs to be dissipated in free motion
at low velocities. In contrast to Approach 1 (Exp1), no po-
sition drift appears despite the high communication delay due
to the consideration of energy reflection and the application of
impedance type PCs.
6. Experimental Comparison Study
In this section, the time delay control method of [17] (Ap-
proach 1) and the proposed concept (Approach 3) are compared
in a PFcomp architecture with respect to different performance
measures at varying delays. The analysis in Section 3.3 and es-
pecially the experiment in Fig. 15 show that Approach 2 has
clear logical disadvantages over Approach 3 and is therefore
excluded from the comparison.
Different metrics have been proposed to evaluate the perfor-
mance of haptic devices and control approaches. For compar-
ative studies, different performance indexes have been applied
in [27] and [28]. The Z-width and the M-width were analyzed
in [29] and [30] respectively. [31], [32] and [33] present perfor-
mance evaluations of haptic interfaces and the respective con-
trol methods. The performance of common bilateral teleopera-
tion concepts has been investigated in [34], [35], [36] and [37].
Here, similar to [38] that investigated the free space and stiff-
ness transparency separately, free motion and wall contact sce-
narios are considered. Analogous to [15], the position error and
the transmitted impedance are considered as performance mea-
sures.
6.1. Experimental Setup
Two 1-DoF master-slave systems have been applied as agent
devices due to their low mass and low friction. To assure the
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Figure 17: Exp4: Free Motion and Wall Contact with 400ms Roundtrip-Delay
in Approach 3
Figure 18: Experimental Setup of Comparison Study
reproducibility of the results and consistent system inputs, a hu-
man operator has been simulated with an additional 1-DoF sys-
tem connected with the Agent Λ1 device through a rigid bar as
presented in Fig. 18 . In both approaches, a PFcomp architecture
was used. Since the research of [17, 18, 26] showed that po-
sition drift compensation can improve the performance of Ap-
proach 1, the position drift compensation presented in [17] was
applied to Approach 1. This setup allowed the measurement of
interaction forces at Agent Λ1 and Λ2.
6.2. Method
A position controller (KC2 = 2.3 Nmrad , BC2 = 0
Nms
rad , BHO =
0.05 Nmsrad ) acted on the device which replaced the human op-
erator aiming at a sinusoidal motion with increasing frequency
f ∈ [0.2,1.4]. A maximum frequency of 1.4Hz has been cho-
sen since a human operator should not move faster at high
roundtrip-delays to achieve a sufficient performance. The ap-
proaches were analyzed for different roundtrip-delays (T1/2 ∈
{30ms,100ms,200ms,400ms}). The stiffness KC of the po-
sition controller connecting Agent Λ1 and Agent Λ2 was set
to KC = 2 Nmrad in both approaches. This stiffness was chosen
such that sufficient performance was guaranteed up to 400ms
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roundtrip-delay. For the sake of comparability KC was con-
stant throughout the comparative study. Individual position
controller damping BC and local damping gains BΛ1/Λ2 of the
devices were adapted for each roundtrip-delay and approach, to
achieve (subjectively rated) the best performance regarding the
specific roundtrip-delay. Although the Time Domain Passivity
controlled system is stable for any damping, the performance
can be improved applying delay dependent damping values.
Note that a local damping loop at the devices can be designed
as an additional passive 2-port subsystem in the network such
that it can be introduced into the presented control loops with-
out violation of the passivity criterion. To consider different
environmental impedances Ze, the approaches were evaluated
in a free motion (Ze = 0) and a wall contact situation with fixed
Agent Λ2 device (Ze ≈ ∞).
The metrics include the features denoted in Table 1. In
the wall contact experiments, high effective stiffness values
MV (Ke f f ) are desired. In contrast, for free motion without en-
vironment contact, MV (Ke f f ) should be zero. The position and
path error should be low in both situations. The percentage
of transmitted energy (RATE ) and the percentage of Agent Λ2
forces (MV (RATF)) should be close to one. In the wall contact
scenario, the Agent Λ2 does not move such that MV (RATF) is
considered instead of RATE . The path PathΛ1 of Agent Λ1 has
to be analyzed in context with the interaction force FΛ2 and the
effective stiffness Ke f f . The dissipated energy Ediss should be
low.
6.3. Results
Figure 19 to Fig. 22 depict the results for different environ-
mental impedances and roundtrip-delays at different frequen-
cies. Since, in general, the system performance at high delays
is better at low frequency motions, the results of different fre-
quency bandwidths are depicted.
In Fig. 19 (Exp5a), the free motion scenario at low input
frequencies is depicted. At a roundtrip-delay of 30ms, the dis-
sipated energy and the position and path errors are lower for
Approach 3. With increasing delay, Approach 3 dissipates rel-
atively more energy than Approach 1 but the position and path
errors increase intensively in Approach 1 despite the slow mo-
tion. The big path error of Approach 1 results from position
drift and reduces transparency strongly. Aside from the 200ms
condition, the effective stiffness is low in both approaches. The
comparably high MV (Ke f f ) of Approach 3 at 200ms roundtrip-
delay may result from delay and frequency depending reflec-
tions in the communication channel. Note that this difference at
200ms roundtrip-delay vanishes when a wider range of frequen-
cies is analyzed (Exp6a). RATE has better values for Approach
3 at all delays.
In the wall contact situation at slow motion (see Fig. 20,
Exp5b), the MV (Ke f f ) is higher for Approach 3. Also, the
metric MV (|FΛ2|) indicates that the desired Agent Λ2 motion
results in higher Agent Λ2 forces in Approach 3. The position
drift of the admittance type PC in Approach 1 leads to a lower
wall penetration of Agent Λ1 (although the path of the Agent
Λ1 device is same for both approaches) and thus to lower in-
teraction and coupling forces. Due to lower coupling forces,
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Figure 19: Exp5a: Free Motion at f = 0.2Hz
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Figure 20: Exp5b: Wall Contact at f = 0.2Hz
the dissipated energy is reduced in Approach 1. MV (RATF) has
better values for Approach 3 at all delays.
The results at a bigger range of input frequencies in Fig. 21
(Exp6a) and Fig. 22 (Exp6b) are similar but less pronounced.
Furthermore, the position and path errors increase for both ap-
proaches due to faster motions. Note that the path of Agent
Λ1 in the wall contact situation reduces with the delay since
the maximum frequency was set to 1.2Hz for 100ms roundtrip-
delay and to 1Hz for 200ms and 400ms roundtrip-delay. During
free motion, the effective stiffness is lower for Approach 1 but
this may result from position drift and can therefore not be con-
sidered as a benefit of Approach 1. Since the motion frequency
is too high for the high roundtrip-delays, during wall contact,
the effective stiffness is lower than at 0.2Hz motions in both
approaches.
The main results are summarized in Table 2.
6.4. Discussion
In free motion, the position following is the most relevant
criterion. The effective stiffness criterion provides lower ac-
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Table 1: Metrics
MV (Ke f f )
mean effective impedance of evaluated frequencies f ∈
[0.2Hz,1.4Hz] [15]
Patherror
path error between the path length of the human operator
motion and the motion of the Agent Λ2 device
PathΛ1 path PathΛ1 of the Agent Λ1 device
MV (|Perror|) mean position error between the Agent Λ2 device and thedelayed Agent Λ1 device position
MV (|FΛ2|) mean value of the absolute measured interaction forces ofAgent Λ2
Ediss
sum of energy dissipated by the two passivity controllers
PC1 and PC2
RATE
the ratio RATE = (EΛ1 + EΛ2)/(EKΛ1 + E
K
Λ2) of actual
EΛi(k) = ∑kn=0(vΛi(n)FΛi(n)) (i ∈ {1,2}) and expected
energy flow EKΛi = ∑
k
n=0(vΛi(n)(xΛ2(n)− xΛ1(n))KC)
MV (RATF)
the mean value of the ratio RATF = (FΛ1 +FΛ2)/2FK of
actual FΛi and expected computed force FK = (xΛ2(k)−
xΛ1(k))KC
Table 2: Results
Frequency f = 0.2Hz
Free Motion
lower position and path errors for Approach 3
lower dissipation for Approach 3 at 30ms roundtrip-delay
higher dissipation for Approach 3 at 200ms and 400ms
roundtrip-delay
low effective stiffness in Approach 1 and 3 (despite 200ms
roundtrip-delay)
higher RATE for Approach 3
Wall Contact
higher effective stiffness for Approach 3
higher Agent Λ2 interaction forces of Approach 3
higher dissipation for Approach 3 at 200ms and 400ms
roundtrip-delay
higher MV (RATF) for Approach 3
Frequencies f ∈ [0.2Hz−1.4Hz]
Free Motion
lower position and path errors for Approach 3
lower dissipation for Approach 3 at 30ms roundtrip-delay
higher dissipation for Approach 3 at 200ms and 400ms
roundtrip-delay
higher effective stiffness in Approach 3 at 400ms roundtrip-
delay
higher RATE for Approach 3
Wall Contact
higher effective stiffness for Approach 3
higher Agent Λ2 interaction forces of Approach 3
higher dissipation for Approach 3
higher MV (RATF) for Approach 3
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Figure 21: Exp6a: Free Motion at f ∈ [0.2Hz−1.4Hz]
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Figure 22: Exp6b: Wall Contact at f ∈ [0.2Hz−1.4Hz]
curacy in the free motion compared to the wall contact situa-
tion. Thus, considering free motion, Approach 3 with lower
position and path errors promises better performance. At low
roundtrip-delay and slow motion, Approach 3 dissipates less
energy than Approach 1. The dissipated energy is not a suit-
able criterion since the energy amount of the system depends
on the system behavior which differs strongly for the two ap-
proaches. Due to the position drift in Approach 1, the forces are
lower. Lower forces inevitably lead to lower power flow in the
system and thus to less dissipation by the passivity controllers.
Also, the relative dissipation of energy is not a reliable criterion.
In contrast, the percentage of transmitted energy which refers
to the expected power flow resulting from the reference posi-
tion and the controller constant KC is more reasonable. Also
during wall contacts, Approach 3 provides better performance.
This fact can be drawn from the higher effective stiffness and
higher Agent Λ2 interaction forces (compare MV (RATF) and
MV (|FΛ2|)) throughout all experiments with wall contact.
At motion inputs of higher frequencies ( f ∈ [0.2Hz −
1.4Hz]), the performance of both approaches decreases since
the automated frequency inputs do not react on the system be-
havior. In teleoperation setups, a human operator is able to
adapt the velocity at high communication delays. To avoid large
position drift in Approach 1 and to avoid high resistive forces
due to position deviations in Approach 3, with increasing de-
lays, slower motions are required.
7. Conclusion
In this paper, a new time domain passivity control approach
has been proposed that considers, in contrast to former ap-
proaches, energy reflection by an energy storage element. Thus,
negative effects such as position drift or excessive energy dis-
sipation of former approaches could be avoided. Therefore, the
proposed concept considers, in addition to the energy behav-
ior of the communication channel, the potential energy of the
coupling controller as an energy storage. Experiments showed
good position synchronization of two coupled agents despite a
round trip delay of 400ms. These results were strengthened in
a comparison with a state of the art time domain passivity con-
trol approach considering different performance metrics. The
proposed approach showed better results considering position
synchronization during free motion and transmitted impedances
during wall contact at a wide range of communication delays.
For future work, the proposed concept should also be integrated
in a Position-Position architecture or a 4-Channel framework
and applied in more complex robotic applications.
Acknowledgment
The authors want to express their sincere gratitude towards
Ribin Balachandran (DLR-RM ARR) for his support in the
evaluation of effective impedances.
13
References
[1] B. Hannaford, J.-H. Ryu, Time-domain passivity control of haptic inter-
faces, Transactions on Robotics and Automation 18 (1) (2002) 1–10.
[2] S. Stramigioli, C. Secchi, A. J. van der Schaft, C. Fantuzzi, A novel theory
for sampled data system passivity, in: Proc. of 2002 IEEE/RSJ Interna-
tional Conference on Intelligent Robots and Systems, Vol. 2, IEEE, 2002,
pp. 1936–1941.
[3] K. Hertkorn, T. Hulin, P. Kremer, C. Preusche, G. Hirzinger, Time domain
passivity control for multi-degree of freedom haptic devices with time
delay, in: Proc. of 2010 IEEE International Conference on Robotics and
Automation, IEEE, 2010, pp. 1313–1319.
[4] J.-H. Ryu, D.-S. Kwon, B. Hannaford, Stable teleoperation with time-
domain passivity control, Transactions on robotics and automation 20 (2)
(2004) 365–373.
[5] J.-H. Ryu, C. Preusche, Stable bilateral control of teleoperators under
time-varying communication delay: time domain passivity approach, in:
Proc. of 2007 IEEE International Conference on International Conference
on Robotics and Automation, IEEE, 2007, pp. 3508–3513.
[6] J. Artigas, J.-H. Ryu, C. Preusche, Time domain passivity control for
position-position teleoperation architectures, Presence 19 (5) (2010) 482–
497.
[7] J. Rebelo, A. Schiele, Time domain passivity controller for 4-channel
time-delay bilateral teleoperation, Transactions on Haptics 8 (1) (2015)
79–89.
[8] J. Artigas, R. Balachandran, C. Riecke, M. Stelzer, B. Weber, J.-H. Ryu,
A. Albu-Schaeffer, KONTUR-2: force-feedback teleoperation from the
International space station, in: Proc. of 2016 IEEE International Confer-
ence on International Conference on Robotics and Automation, 2016, pp.
1166–1173.
[9] M. Panzirsch, R. R. Balachandran, B. Weber, M. Ferre, J. Artigas, Hap-
tic augmentation for teleoperation through virtual grasping points, IEEE
Transactions on Haptics 11 (3) (2018) 400–416.
[10] R. J. Anderson, M. W. Spong, Bilateral control of teleoperators with time
delay, Transactions on Automatic control 34 (5) (1989) 494–501.
[11] G. Niemeyer, J.-J. Slotine, Stable adaptive teleoperation, Journal of
Oceanic Engineering 16 (1) (1991) 152–162.
[12] Y. Yokokohji, T. Tsujioka, T. Yoshikawa, Bilateral control with time-
varying delay including communication blackout, in: Proc. of 2002 Sym-
posium on Haptic Interfaces for Virtual Environment and Teleoperator
Systems, IEEE, 2002, pp. 285–292.
[13] D. Lee, M. W. Spong, Passive bilateral teleoperation with constant time
delay, Transactions on Robotics 22 (2) (2006) 269–281.
[14] M. Franken, S. Stramigioli, S. Misra, C. Secchi, A. Macchelli, Bilateral
telemanipulation with time delays: A two-layer approach combining pas-
sivity and transparency, Transactions on Robotics 27 (4) (2011) 741–756.
[15] R. Balachandran, J. Artigas, U. Mehmood, J.-H. Ryu, Performance com-
parison of wave variable transformation and time domain passivity ap-
proaches for time-delayed teleoperation: Preliminary results, in: Proc. of
2016 IEEE/RSJ International Conference on Intelligent Robots and Sys-
tems, IEEE, 2016, pp. 410–417.
[16] J.-H. Ryu, J. Artigas, C. Preusche, A passive bilateral control scheme
for a teleoperator with time-varying communication delay, Mechatronics
20 (7) (2010) 812–823.
[17] J. Artigas, J.-H. Ryu, C. Preusche, Position drift compensation in time
domain passivity based teleoperation, in: Proc. of 2010 IEEE/RSJ Inter-
national Conference on Intelligent Robots and Systems, IEEE, 2010, pp.
4250–4256.
[18] V. Chawda, H. Van Quang, M. K. O’Malley, J.-H. Ryu, Compensating
position drift in time domain passivity approach based teleoperation, in:
Proc. of 2014 Haptics Symposium, IEEE, 2014, pp. 195–202.
[19] D. Lee, K. Huang, Passive position feedback over packet-switching com-
munication network with varying-delay and packet-loss, in: Proc. of 2008
Symposium on haptic interfaces for virtual environment and teleoperator
systems, IEEE, 2008, pp. 335–342.
[20] T. Fjallbrant, Activity and stability of linear networks, IEEE Transactions
on Circuit Theory 12 (1) (1965) 12–17.
[21] J. Artigas, R. Balachandran, M. De Stefano, M. Panzirsch, R. Lampar-
iello, A. Albu-Schaeffer, J. Harder, J. Letschnik, Teleoperation for on-
orbit servicing missions through the astra geostationary satellite, in: Proc.
of 2016 IEEE Aerospace Conference, IEEE, 2016, pp. 1–12.
[22] M. Panzirsch, R. Balachandran, J. Artigas, C. Riecke, M. Ferre, A. Albu-
Schaeffer, Haptic intention augmentation for cooperative teleoperation,
in: Proc. of 2016 IEEE International Conference on Robotics and Au-
tomation, IEEE, 2017, pp. 5335–5341.
[23] M. Panzirsch, J. Artigas, A. Tobergte, P. Kotyczka, C. Preusche, A. Albu-
Schaeffer, G. Hirzinger, A peer-to-peer trilateral passivity control for de-
layed collaborative teleoperation, in: Haptics: Perception, Devices, Mo-
bility, and Communication, Springer, 2012, pp. 395–406.
[24] M. Panzirsch, J. Artigas, J.-H. Ryu, M. Ferre, Multilateral control for
delayed teleoperation, in: Proc. of 2013 International Conference on Ad-
vanced Robotics, 2013, pp. 1–6.
[25] M. Panzirsch, R. Balachandran, J. Artigas, Cartesian task allocation for
cooperative, multilateral teleoperation under time delay, in: Proc. of 2015
IEEE International Conference on Robotics and Automation, IEEE, 2015,
pp. 312–317.
[26] A. Coelho, H. Singh, T. Muskardin, R. Balachandran, K. Kondak, Smooth
position-drift compensation for time domain passivity approach based
teleoperation, in: Proc. of 2015 IEEE/RSJ International Conference on
Intelligent Robots and Systems, IEEE, 2018.
[27] Y. Yokokohji, T. Yoshikawa, Bilateral control of master-slave manipula-
tors for ideal kinesthetic coupling-formulation and experiment, Transac-
tions on robotics and automation 10 (5) (1994) 605–620.
[28] V. Hayward, O. R. Astley, Performance measures for haptic interfaces, in:
Robotics research, Springer, 1996, pp. 195–206.
[29] J. E. Colgate, J. M. Brown, Factors affecting the z-width of a haptic dis-
play, in: Proc. of 1994 IEEE International Conference on Robotics and
Automation, IEEE, 1994, pp. 3205–3210.
[30] N. Colonnese, A. Okamura, M-width: stability and accuracy of haptic
rendering of virtual mass, Robotics 41.
[31] B. Hannaford, L. Wood, D. A. McAffee, H. Zak, Performance evalua-
tion of a six-axis generalized force-reflecting teleoperator, Transactions
on systems, man, and cybernetics 21 (3) (1991) 620–633.
[32] R. J. Adams, M. R. Moreyra, B. Hannaford, Stability and performance
of haptic displays: Theory and experiments, in: International mechanical
engineering congress and exhibition, 1998, pp. 227–234.
[33] M. Radi, J. Artigas, C. Preusche, H. Roth, Transparency measurement
of telepresence systems, in: Proc. of 2008 International Conference
on Human Haptic Sensing and Touch Enabled Computer Applications,
Springer, 2008, pp. 766–775.
[34] P. Arcara, C. Melchiorri, Control schemes for teleoperation with time
delay: A comparative study, Robotics and Autonomous systems 38 (1)
(2002) 49–64.
[35] I. Aliaga, A. Rubio, E. Sanchez, Experimental quantitative comparison
of different control architectures for master-slave teleoperation, Transac-
tions on control systems technology 12 (1) (2004) 2–11.
[36] G. Sankaranarayanan, B. Hannaford, Experimental comparison of inter-
net haptic collaboration with time-delay compensation techniques, in:
Proc. of 2008 IEEE International Conference on Robotics and Automa-
tion, IEEE, 2008, pp. 206–211.
[37] E. J. RodrI´guez-Seda, D. Lee, M. W. Spong, Experimental comparison
study of control architectures for bilateral teleoperators, Transactions on
Robotics 25 (6) (2009) 1304–1318.
[38] B. Willaert, D. Reynaerts, H. Van Brussel, E. B. Vander Poorten, Bilateral
teleoperation: quantifying the requirements for and restrictions of ideal
transparency, Transactions on control systems technology 22 (1) (2014)
387–395.
14
